A series of novel polyimidothioethers (PITEs) and the respective polymer hybrids of titania or zirconia with fantastic thermal stability and optical properties have been successfully prepared. These colorless PITEs with high transparency were synthesized by Michael polyaddition from commercially available dithiol and bismaleimides monomers. The PITE with sulfide and hydroxyl groups (S-OH) and the corresponding hybrid films declare ultra-lowest birefringence value of 0.002 and tunable refractive index (1.65-1.81 for S-OH/titania and 1.65-1.80 for S-OH/zirconia), implying large potential to the optical applications in the future. Moreover, the S-OH/zirconia hybrid films exhibit higher Abbe's number and optical transparency than those of S-OH/titania system because larger energy band gap of ZrO 2 . Furthermore, by adding titania and zirconia as electron acceptor into S-OH system, the charge transfer complex can be facilitated and stabilized caused by the lower LUMO energy level of hybrid materials. Consequently, the devices of memory prepared from these polymer films of hybrid showed interesting and adjustable memory behavior from DRAM, SRAM, to WORM at various titania or zirconia contents with a large ON/OFF ratio (10 8 ), denoting that the memory devices derived from these highly transparent novel S-OH/TiO 2 and S-OH/ZrO 2 hybrid films are attractive for the electrical applications.
Controlling over distribution and particle size to achieve homogeneous dispersion of the inorganic building blocks within nanoscale domain size in the organic matrix is an important and challenging issue for obtaining hybrid materials with both high RI and transparency. Among the previous studies, chemical reaction based on in-situ sol-gel hybridization approach would resolve the agglomeration issue of nanoparticles by controlling inorganic/organic interfacial interactions at different molecular and nanometer length scales 19, 26 . On the contrary, materials with extremely low RI which are defined as antireflective (AR) coating materials could also be achieve by surface sol-gel methods and self-masking, one-step process and they attract much attention for great application potential and good development prospective [28] [29] [30] [31] .
Lately, the hybrids of polymer have also attracted attention in the memory devices application, because the incorporation of ancillary components as donors or acceptors of electron into the polymers could enhance the charge transfer (CT) complex formation 27, 32 . In our previous studies, by introducing inorganic materials TiO 2 23 or PCBM 33 as the strong acceptor of electron into the PI system, the obtained memory devices manifested attractive behaviors of memory because of the lower LUMO energy level that would facilitate and stabilize the CT, resulting in tunable memory retention time. In addition, these PI hybrid films of TiO 2 or ZrO 2 could also avoid the disability of decreasing ON/OFF ratio at higher TiO 2 or ZrO 2 contents at the hands of the depressed conductivity in the OFF state. Mechanism of memory behavior for these hybrids of polymer can be ascribed to the transfer of charge; thus, the homogeneous dispersion of inorganic particle with nanoscale domain size in polymer matrix is crucial for devices of memory. Herein, the highly transparent PITEs with pendant hydroxyl groups were prepared in this study; the memory behavior and optical properties such as transparency, Vd, and RI of the resulted flexible PITEs/TiO 2 or ZrO 2 hybrid films are investigated in this study.
Results
Polymer synthesis and characterization. These PITEs could be readily obtained by the Michael polyaddition of commercially available dithiol DT-OH with bismaleimides, and the reaction was easily fulfilled with basic TEA as catalyst in m-cresol at 25 °C for 4 h (Fig. 1 ). The viscosity of polymer solution increased gradually during the procedure of polymerization without any volatile molecule evolution. Finally, the PITEs were precipitated in fiber-like form with white color and qualitative high yield (99.0%) when pouring the deriving polymer solution in methanol slowly. The sulfur-containing bismaleimide and dithiol used in this study exhibited higher RI and optical transparency among the obtained thermoplastic and colorless PITEs with excellent thermal characteristics. The inherent viscosity, solubility behavior, and the molecular weight of the synthesized PITEs are summarized in Table S1 (ESI †). These PITEs could dissolve in DMF, DMSO, DMAc, and NMP solvents and also could be casted as solution into transparent and flexible films as shown in Fig. 1c . FT-IR spectra of the PITEs are depicted in Figure S1 (ESI †). For S-OH, 3000 to 3750 cm −1 (O-H stretch), characteristic imide absorption bands 
Synthesis and characterization of PITE hybrids.
The sol-gel reaction of S-OH with TiO 2 or ZrO 2 precursors was applied to prepare S-OH/TiO 2 and S-OH/ZrO 2 hybrid (S-OHMX) films depicted in Fig. 1 , and the formations of the reaction are also summed up in Table 1 . Figure 1 also shows that the hydroxyl groups in the backbone of S-OH would contribute reactions sites for the bonding between organic and inorganic materials, affording flexible, transparent, and homogeneous films of hybrid. In Figure S2 (ESI †), FT-IR spectra of S-OHTi50 and S-OHZr50 films of hybrid display broad absorption bands in the range of 2750 to 3700 cm −1 (O-H stretch) with larger intensity of signal than the pristine S-OH because of the new forming hydroxyl groups in the TiO 2 and ZrO 2 . Moreover, the inorganic absorption bands of Ti-O-Ti and Zr-O-Zr at 650-800 and 600-650 cm −1 , could be observed, respectively 19, 26 .
Thermal properties of PITEs, S-OH/TiO 2 and S-OH/ZrO 2 . The thermal properties of the PITEs, S-OH/ TiO 2 and S-OH/ZrO 2 hybrid films (S-OHMX) were measured by TMA and TGA, and the results are listed in Table 1 . The thermoplastic PITEs with high thermal stability and large thermal process window between Tg and Td revealed the usefulness for injection molding processes as shown in Figure S3 (ESI †) and Figure S4 (ESI †). Furthermore, the Tg of S-OH hybrid films increased with increasing inorganic content, and could be promoted to 160 °C and 172 °C at 50 wt% TiO 2 and 50 wt% ZrO 2 content, respectively, as shown in Figure S3 (ESI †). Moreover, the values of an important reference parameter called coefficient of thermal expansion (CTE) for polymer films in the microelectronic application are also summarized in Table 1 . Roughly, organic matrixes usually have much higher CTE value than that of inorganic reinforced components. Thus, the resulting hybrid materials could effectively suppress CTE when the volume fraction of inorganic nanoparticles increased.
Optical properties of PITEs and hybrid films. The UV-vis transmission spectra of PITEs, S-OH/ TiO 2 and S-OH/ZrO 2 hybrid thin and thick films with thickness of 500-600 nm and 20 ± 3 μm, respectively, were measured as summed up in Table 2 and Fig. 2 . The transparent PITE film derived from the dithiol and sulfur-containing bismaleimide reveals enhanced RI. Thus, the transparency of S-OH thin film could reach 88% at 400 nm with RI of 1.657. Different from our previous research, these new PITEs films show remarkable results of optically isotropic feature with the ultra-lowest birefringence value of 0.002 11 with high RI. The most common optical materials such as glass is also isotropic and do not affect the polarization when the light passes through it. However, some materials which exhibit non-ignorable birefringence will change the polarization of light. There are many kinds of applications using optically isotropic materials, for example, liquid-crystal display (LCD). In this research, we use PITEs films to prepare resistive memory device which may have connection to optical applications in the future, denoting to the large potential in this kind of research. Furthermore, S-OH, exhibiting the highest RI and transparency among these three kinds of PITEs, was chosen as polymer matrix to prepare the S-OH/TiO 2 and S-OH/ZrO 2 hybrids. However, the optical transparency of the corresponding hybrid films of S-OH/TiO 2 decreased apparently at 400 nm caused by the low energy band gap of TiO 2 (3.2 eV), bringing about hybrid films with pale yellow color as shown in Fig. 1d even that the domain size TiO 2 is smaller than 10 nm ( Figure S5 (ESI †) ). In addition, when the amount of inorganic part in the hybrid film increased, there would be a slight variation in the particle size that also could enhance the red-shift phenomenon 26 . Contrarily, the S-OH/ZrO 2 hybrid films shown in Fig. 1e could keep higher transparency and colorless in the visible light due to the larger energy band gap of zirconium dioxide (5.0-5.85 eV) than the respective S-OH/ TiO 2 system,. The TEM image of hybrid material S-OHZr30 shown in Figure S6 (ESI †) depicts that the ZrO 2 has good dispersion with size of domain smaller than 10 nm, resulting in lower cut-off wavelengths and fantastic optical transparency of these S-OH/ZrO 2 hybrid films. The nanoparticles of hybrid system in the TEM pictures have been circled. In the following pictures, we can find that the particle sizes are in the range from 3 to 7 nm (the black dots); thus, the average particle size of 5 nm was defined in the statistical data curve. The RI diagrams in the range of 300-800 nm of these hybrid films with different TiO 2 and ZrO 2 content are summarized in Fig. 2, and Table S2 . The memory behavior of S-OH was evaluated by current-voltage (I-V) curves during the potential sweep of an ITO/polymer/Aluminum sandwich-shaped device as shown in Fig. 3 . Aluminum and ITO were acted as electrodes used to apply voltage. The thickness of polymer films were optimized about 50 nm due to the thickness effect on memory behavior which was mentioned before 34 . Figure S9 (ESI †) exhibits I-V curves of PITEs, and the devices only retained in OFF state with a current range 10 −13 to 10 −15 A without switching to the ON state both in negative and positive sweeps up to −6 V and 6 V, correspondingly, denoting non-memory characteristic. For better understanding the PITEs memory behavior, the simulation of a molecule of the basic unit with Gaussian 09 program was accomplished by DFT/B3LYP/6-31G(d). Those experimental values were in the affirmative with the LUMO and HOMO energy levels derived from the molecular simulation and isosurface charge density of the basic units is also summed up in Figure S10 (ESI †).
According to the description of previous report 35 , the electrons at the LUMO (ON state) will be firstly transmitted from the HOMO when applied electric field compasses voltage of which causes accumulation of energy in HOMO, assembling a charge transfer complex by many kinds of ways that can switch the device to ON state. Interestingly, the structrue of S-OH has no capable donor group and acceptor group to perform the memory properties. Moreover, the memory device derived from S-OH behaved non-memory characteristic could be attributed to the imide ring in S-OH has the opposite direction between electron-withdrawing and electron-donating groups. Thus, the electron in LUMO is difficult to be stabilized due to the high energy band gap. Consequently, charge transfer could not steadily exist through multiple approaches to form the stable CT complexes which are more conductive as shown in Fig. 4a .
For the S-OH hybrid system, the I-V curves of memory devices originated from polymer hybrids with TiO 2 and ZrO 2 as acceptors of electron are summarized in Figs 5 and 6. I-V curves of S-OHTi5 hybrid with 5 wt % of TiO 2 are shown in Fig. 5a and b, maintaining at OFF state with a current range 10 −13 to 10 −15 A in the positive sweep up to 6 V without switching to the ON state. While, a dramatic current increasing at −4.4 V during negative sweep with probability about 50% could be observed, meaning an electrical transition between OFF state and ON state (writing process). Then, the device would remain in ON state by subsequent negative (the 3 th sweep) and positive scans (the 4 th sweep). In addition, the S-OHTi5 memory device could not be reset to initial OFF state with a reverse electric field, implying non-erasable behavior. After shutting down the power for about 10 sec without an erasing process, the 5 th sweep was operated and demonstrated that the relaxation from ON state to the initial OFF state occurred, and the device would be switched to ON state at −3.7 V again. Hence, the device owns DRAM characteristics of rewriting capability and short retention time. The S-OHTi7 hybrid memory devices, containing 7 wt % of TiO 2 , switched from 10 −15 to 10 −4 A in the negative sweep at the voltage of threshold of −4.1 V, then we could read the ON state by the following negative (the 3 th sweep) and positive (the 4 th sweep) scans as shown in Fig. 5c and d , respectively. After removing the applied voltage, the ON state would return to OFF state both within 30 sec and 5 min, and they also could switch to ON state at the voltage of −3.5 V and −3.3 V again, correspondingly, denoting a volatile 50% DRAM and 50% SRAM like behaviors. In Fig. 5e , the memory device of S-OHTi10 hybrid containing 10 wt % of TiO 2 could be switched from 10 −15 to 10 −4 A in the negative sweep at the voltage of threshold of −3.8 V, then could keep the ON state by the following negative (the 3 th sweep) and positive (the 4 th sweep) scans for 15 min without the applied voltage, the OFF state would be returned from the ON state in 15 min, and could switch to ON state again at threshold voltage of −3.0 V, suggesting a volatile behavior of SRAM. By further increasing TiO 2 content to 15 wt %, the memory device based on S-OHTi15 film shown in Fig. 5f could even preserve the ON state after 2 h power-off or a longer time, indicating non-volatile write-once-read-many (WORM) memory behavior. Moreover, the device based on S-OHTi30 hybrid containing TiO 2 up to 30 wt % could also be switched to ON state by applied a positive voltage of 3.4 V. Thus, the memory device based on S-OHTi30 film depicted in Fig. 5g and h revealed the bi-switchable characteristic caused by the smaller energy gap between the LUMO of TiO 2 and work function of ITO shown in Fig. 4b . The stability both in ON and OFF states of WORM memory device derived from S-OHTi30 film is detailed in Figure S11 (ESI †).
Moreover, the devices of S-OH/ZrO 2 hybrids have also been fabricated for comparison. The S-OHZr5 and S-OHZr7 hybrids memory devices containing 5 and 7 wt % ZrO 2 behaved DRAM properties with voltage of threshold around −5.1 V (S-OHZr5) and −4.4 V (S-OHZr7) during the negative sweep as shown in Fig. 6a and b , and the retention time is only 10 sec (S-OHZr5) and 20 sec (S-OHZr7), respectively, for returning to OFF state from ON state before rewriting process.
The devices prepared from S-OHZr10 and S-OHZr15 hybrids containing 10 and 15 wt % of ZrO 2 could be switched on at about −4.1 V (S-OHZr10) and −3.8 V (S-OHZr15) in the negative sweep and exhibited volatile behavior of SRAM with retention time about 7 min (S-OHZr10) and 30 min (S-OHZr15) shown in Fig. 6c and d , respectively. Interestingly, the S-OH/ZrO 2 hybrid devices containing higher ZrO 2 content of 30 wt% and 50 wt% shown in Fig. 6e and f displayed only WORM memory property without bi-switchable behavior as the results of the analogous S-OHTi30 that may be ascribed to higher LUMO energy level of ZrO 2 than TiO 2 without matching up with the ITO work function depicted in Fig. 4c . The obtained polymer S-OH hybrid materials with TiO 2 and ZrO 2 as acceptors of electron have lower LUMO energy level that would make complex of CT stabilized and facilitated. Accordingly, in Table 3 , the resulted devices of hybrid memory manifested high ON/OFF ratio (10 8 ) with memory properties which are tunable from DRAM, SRAM, to WORM at various contents of titanaia and zirconia ranging from 0 wt% to 50 wt%. All the memory devices show lower threshold voltage and longer retention time with higher inorganic contents. Extraordinary, the difference of LUMO energy level between TiO 2 and ZrO 2 results in uniquely distinct memory behavior in terms of bi-switchable characteristic. Thus, these interesting and attractive results obtained in this study demonstrate that prepared S-OH/titania and S-OH/zirconia hybrid films with highly transparency have specific potential in the memory devices applications.
Discussion
Highly transparent and thermoplastic polyimidothioethers (PITEs) with ultra-lowest birefringence value of 0.002 have been prepared successfully by Michael polyaddition from commercially available bismaleimides and dithiol monomers in this research. The hydroxyl groups in the PITEs backbones would effectively contribute reaction sites for the bonding between organic and inorganic materials, resulting in transparent and homogeneous films of hybrid. These polymer hybrid films manifest attractive RI which is tunable (1.65-1.81 for S-OH/titania and 1.65-1.80 for S-OH/zirconia) and birefringence value lower than 0.01, which may have potential and connection to Table 3 . Summary of S-OH, S-OH/TiO 2 , and S-OH/ZrO 2 memory properties.
optical applications in the future. Additionally, the Abbe number and optical transparency of S-OH/ZrO 2 hybrids are higher than those of S-OH/TiO 2 hybrid system because of a larger band gap of ZrO 2 , demonstrating much more valuable as the optical materials. Moreover, the obtained polymer hybrid materials with titania and zirconia as acceptors of electron in S-OH system own lower LUMO energy level that would make complex of CT stabilized and facilitated. Consequently, the fabricated memory devices from these hybrid materials revealed different and tunable memory behaviors with an impressive ON/OFF ratio (10 8 ) at various titania or zirconia content from 0 wt% to 50 wt%. Interestingly, the difference of LUMO energy levels between ZrO 2 and TiO 2 could distinctively result in various WORM type memory devices (bi-switchable WORM type for S-OHTi30, but mono-switchable WORM type for S-OHZr30).
Materials and Methods
Polymer synthesis. The PITEs could be easily prepared by Michael polyaddition with commercially available monomers, and the general synthetic route for preparing PITEs is shown in Fig. 1 . For more details please refer to supporting information.
